To advance the understanding of genetic mechanisms involved in the patterning and the differentiation of the vertebrate auditory system, we screened for mutations affecting ear development in the zebrafish larva. Fifteen recessive mutant alleles have been isolated and analyzed. The phenotypes of these mutants involve abnormalities in ear morphology, otolith formation, or both processes in parallel. Among morphological defects, we found mutations affecting early patterning of the otic vesicle, the morphogenesis of semicircular canals, and the expansion of the ear lumen. The two most severe mutant phenotypes involve the absence of anterior and posterior cristae, as well as a severely misshapen morphology of the ear. In the category of otolith mutants, we found defects in otolith formation, growth, and shape. As it proved to be the case in past screening efforts of this type, these mutant lines represent an asset in the studies of molecular mechanisms that regulate vertebrate ear development.
Introduction
The vertebrate inner ear is an organ of extraordinary functional characteristics and structural intricacy. To gain insight into the molecular basis of its morphogenesis, we continue to search for genetic defects in the zebrafish embryo, a model system characterized by relative simplicity. The rudiment of the zebrafish ear first becomes externally visible as an epidermal placode at approximately 16 hpf (hours post fertilization). Following that, in a rapid sequence of morphogenetic transformations that span less than 3 days, it differentiates first into a vesicle, and then into an interconnected system of two major chambers and three canals, which harbor several patches of sensory epithelia (Haddon and Lewis, 1996; Riley et al., 1997) . By 120 hpf, the zebrafish ear is already able to fulfill its major functions of sound detection, and the maintenance of balance (reviewed in Nicolson, 2005) . Importantly, the major events of zebrafish ear morphogenesis can be observed externally in the living embryo, greatly aiding screens for genetic defects.
The shared characteristics of the auditory system in vertebrate phyla, including teleost fish and mammals, were already documented by early anatomists (Retzius, 1881 ). An obvious similarity exists in the sequence of developmental events that lead to ear formation: in all vertebrates, the ear is induced as an epidermal placode, which later transforms into a vesicle, and then partitions into smaller units (Alvarez and Navascues, 1990; Anniko and Wikstrom, 1984; Haddon and Lewis, 1996) . One of the most highly conserved morphological features in the mature ear is the presence of three orthogonally positioned semicircular canals that connect to a single chamber (Anniko and Wikstrom, 1984; Bever and Fekete, 2002; Bever et al., 2003; Bissonnette and Fekete, 1996) . Genetic studies have documented that molecular pathways orchestrating ear formation are also remarkably conserved in vertebrates. For example, the induction of the otic placode requires FGF signaling in the zebrafish, mouse, and chicken alike (Fritzsch et al., 2006; Ladher et al., 2005; Phillips et al., 2004; Wright and Mansour, 2003) , and the subsequent differentiation of morphological features involves shh and wnt pathways as well as pax genes in different vertebrate phyla (Bouchard et al., 2000; Hammond et al., 2003; Liu et al., 2002; Mackereth et al., 2005; Ohyama et al., 2006; Phillips et al., 2004) . Finally, sensory hair cells display close structural similarities in all vertebrates, and their specification is regulated by similar mechanisms, including the notch path-way, as well as bHLH transcriptional regulators, most notably atoh1 (Bermingham et al., 1999; Brooker et al., 2006; Millimaki et al., 2007; Riley et al., 1999) . Given morphological and genetic similarities between ears of fish and mammals, it is not surprising that the zebrafish has been used to study genes involved in human hearing disorders. For example, morpholino knockdown of the zebrafish homolog of DFNA5, a gene defective in human non-syndromic sensorineural hearing loss (De Leenheer et al., 2002; Van Laer et al., 2004) , revealed that it functions in semicircular canal formation (Busch-Nentwich et al., 2004) . Similarly, the studies of the zebrafish dog-eared locus provided insight into the function of EYA1, a gene frequently mutant in BOR syndrome (Abdelhak et al., 1997; Chang et al., 2004; Kozlowski et al., 2005) . Finally, the analysis of the zebrafish colorless locus has led to a better understanding of sox10, a gene involved in Waardenburg-Shah syndrome (Dutton et al., 2001; Kelsh and Eisen, 2000; Pingault et al., 1998) . These and other examples demonstrate that zebrafish genetics is a productive approach to model human ear pathologies.
Screens in zebrafish have been a rich source of genetic defects (Malicki et al., 1996a; Nicolson et al., 1998; Whitfield et al., 1996) , and when followed by molecular analysis, identified key developmental regulators both of the ear and of other organs (Burgess et al., 2002; Dutton et al., 2001; Herzog et al., 2004; Loosli et al., 2003; Sampath et al., 1998; Wei and Malicki, 2002) . Encouraged by previous studies, we continue to screen for mutations affecting ear development. In this paper, we characterize 15 new mutant alleles affecting diverse aspects of inner ear formation as well as two mutations identified in an earlier genetic screen (Malicki et al., 1996b) . This analysis reveals several loci involved in ear morphogenesis, including early patterning of the otic vesicle, the morphogenesis of semicircular canals, and the expansion of the otic capsule.
Results
Here we characterize mutant lines uncovered in a chemical mutagenesis screen aimed at the isolation of genetic defects in ear formation. This effort led to the identification of 15 mutant strains, which we categorized into two groups: morphology defects, and otolith abnormalities. In both categories, the severity of ear phenotypes ranges from mild to dramatic. Three morphology mutants also exhibit deficiencies in otolith formation. In addition to ear development, some mutant strains display defects of other features of embryogenesis, such as eye growth, brain shape, pigmentation, or the shape of the body axis. Mutant phenotypes are summarized in Table 1 . In addition, two lines that were identified in a previous screen are evaluated in greater detail. Although these two strains, antytalent m426 and haos m751 , display prominent abnormalities of ear morphology or otolith formation, prior to this study they were not characterized beyond a description of external phenotypes.
Morphology mutants
To gain insight into the function of mutant genes, we inspected the overall appearance of the ear capsule in mutant animals (Figs. 1 and 2), analyzed the morphology of ear chambers and semicircular canals on histological sections (Fig. 3) , documented the number and the distribution of auditory hair cells in mutant ears (Fig. 4) , and in the case of mutants with severe morphological abnormalities, evaluated the expression patterns of several genetic regulators of ear morphogenesis (Fig. 6) . The external phenotypes of morphology mutants are depicted in Fig. 1 . The mikre ucho (mko) jj108 phenotype displays the most dramatic morphological defect. It is first distinguishable by 48 hpf. In contrast to the wild type, mutant ears do not initiate semicircular canal formation, and their lumen is slightly smaller in size and abnormally shaped at this stage. No other phenotypes are obvious at this time point. During the following 24 hours, the abnormalities of the mutant ear become progressively more severe. As the wild-type ear gradually grows, the mko jj108 mutant ear cavity decreases in size instead of expanding (Fig. 1I', compare to N') . By 72 hpf, the otic cavity is markedly smaller in comparison to the wild-type, the semicircular canals are absent, and the anterior and posterior otoliths are spaced very closely (Fig. 1N' compare to N) . At the same stage, pectoral fins are also notably disfigured. Unlike wild-type pectoral fins, which are directed posteriorly alongside the trunk, mutant , mikre ucho jj108 (C), and ale ucho jj410 (D) mutants appear before other defects, indicating that they do not arise as a secondary consequence of a gross degeneration in the entire embryo. (E-N') Lateral views of ear morphology in mutant animals, compared to their wild-type siblings. One of the most severe phenotypes is displayed by mikre ucho jj108 mutants. Pictured at 144 hpf, the mko jj108 otic vesicle is severely reduced in size and malformed (E', compare to E). mikre ucho mutant animals form two small otoliths that appear to be fused and their ears gradually decrease in size during larval development, so that they are smaller at 72 hpf (N') compared to 58 hpf (I'). At 120 hpf, the ale ucho jj410 mutant ear (F') appears less differentiated compared to that of a wild-type sibling (F). Shown at 144 hpf, hako mimi jj59 mutant ears display a shortened anterior-posterior axis (G' compare to G). At 72 hpf, the smu jj392 mutant ear is reduced in size in comparison to the wild type (H' compare to H). pata nopo jj386 (J') mutant ears, pictured at 144 hpf, appear slightly smaller and more symmetric when compared to wild-type siblings (J). The gapa jj433 mutant ear appears flat at 144 hpf (K'). Pictured at 144 hpf, the frostbite 291 mutant ear is smaller and abnormally pointed on the dorsal side (L' compare to L). The tone deaf jj301 ear is smaller and features a single otolith, at 152 hpf (M', compare to M). ac, anterior crista; lc, lateral crista; pc, posterior crista; AM, anterior macula; PM, posterior macula. In all panels, anterior is to the left and dorsal is up. Larvae were photographed using DIC optics. See Table 1 for a further description of phenotypes. Scale bar in (A) applies to panels (A-D), and equals 200 lm. Scale bar in (E) applies to the remaining panels, and equals 50 lm. b fins protrude away and display a club-like appearance (not shown). Other mutant characteristics are a shortened body axis, and a downward bend of the head, both noticeable by 72 hpf (Fig. 1C , compare to A). By 144 hpf, the otic cavity of mko jj108 mutant animals is barely visible and contains two small otoliths that appear to be fused ( Fig. 1E ', compare to E). Mutant animals develop oedema by this stage. Plastic sections of mko jj108 mutants were collected at 72 hpf, revealing that epithelial walls of the otic cavity are severely thickened ( Fig. 3E ', compare to E).
Sensory patches of hair cells were examined in mko jj108 strains using HCS-1 antibody at 5 dpf. mko jj108 mutants appear to lack anterior and posterior cristae and only a small lateral patch of sensory cells -most likely a rudiment of the lateral crista -is present. Interestingly, HCS-1-postive cells in this region appear larger than in the wild-type. In all mutants examined (n = 5), two larger sensory patches, presumably the anterior and the posterior macula, appear to be present in the reduced otic vesicle. Compared to wild-type maculae, their shape is irregular and the number of hair cells is severely reduced (Fig. 4B-B4 ). Hair cells of mutant and wild-type siblings were further evaluated at 72 hpf by staining of stereociliary actin bundles with phalloidin. At this time point, mutants display a reduced number of stereociliary hair bundles in maculae (data not shown).
To evaluate ear morphogenesis in mko jj108 mutant individuals further, we examined the expression patterns of several transcripts prior to the appearance of the mutant phenotype by in situ hybridization. The pax5 (evaluated at 24 hpf) and follistatin (evaluated at 36 hpf) transcripts, markers of the anterior and the posterior ear, respectively, do not display any obvious deviations from the wild-type distribution at 24 hpf (Fig. 6N , R, compare to B, F). The same is true for the ventral marker of the developing ear, otomp (evaluated at 24 hpf), and the medial marker, pax2a (also evaluated at 24 hpf) ( Fig. 6O , P, compare to C, D). At 24 hpf, another ventral marker, the starmaker transcript, does not display any obvious changes of expression pattern either. Contrasting the above, in mko jj108 mutant embryos, the expression of msxc is absent in all three regions associated with developing cristae at 48 hpf (Fig. 6M , compare to A). Taken together, these observations indicate that the mikre ucho gene functions in the patterning of the zebrafish ear.
Another mutation that severely affects the external appearance of the ear is ale ucho (alo) jj410 . The otic vesicle of these mutants appears to bulge out. This phenotype is first visible by 72 hpf and persists past 120 hpf. In addition, the size of the otic vesicle is sometimes reduced. The mutant phenotype is initially confined to the ear (Fig. 1D , compare to A). By 5 dpf, however, mutant animals also display a shortened body axis, small brain and eyes, as well as an enlarged yolk sac (not shown). Histological analysis revealed that semicircular canal formation is aberrant at 72 hpf in alo jj410 . The epithelial protrusions that merge to delimit the space of semicircular canals are severely thickened and their fusion appears to be delayed (Fig. 3K ', compare to K). Interestingly, these abnormalities become less pronounced at later stages of morphogenesis, so that the ventral pillar displays a nearly normal appearance by 120 hpf (Fig. 3L ', compare to L). HCS-1 antibody staining reveals variable defects of sensory patches in Fig. 2 . External phenotypes of otolith mutants. Lateral views of the ear in mutant animals (right column), compared to their wild-type siblings at the same stage (left column). At 144 hpf, no content jj149 mutant embryos (A') lack otoliths entirely. At the same stage, the rough edges jj61 mutation (B') usually results in one misshapen otolith characterized by a rough appearance, while teeny rocks jj78 (at 144 hpf), pebbles jj273 (at 120 hpf), and condensed jj465 (at 154 hpf) mutants (panels C', D', and E' respectively) feature otoliths reduced in size when compared to their counterparts in wild-type siblings (C-E). Arrowheads in (A) indicate anterior (ao) and posterior (po) otoliths. In all panels, anterior is to the left and dorsal is up. Larvae were photographed using DIC optics. See Table 1 for a further description of phenotypes. Scale bar in (A) applies to all panels, and equals 50 lm. alo jj410 animals. In ca. 20% (n = 5/23) of mutants, hair cells of the posterior crista and sometimes also of other cristae are dispersed over a larger area (Fig. 4 , column C-C4).
hako mimi (kmi) jj59 is another mutation characterized by a severe defect of ear formation. In kmi jj59 mutant ears, the length of the dorso-ventral axis is comparable to that in the wild type, but the antero-posterior axis is shorter, giving the mutant ear a somewhat rectangular shape. This phenotype becomes distinguishable between 48 and 72 hpf, and its overall appearance remains unchanged at least until 144 hpf (Fig. 1G ', compare to G). Histological analysis revealed that the morphology of inner ear pillars is grossly abnormal in kmi jj59 mutants: the anterior and ventral pillars display prominent tissue outgrowths or are severely thickened at 72 hpf ( Fig. 3A' , compare to A, and data not shown). This phenotype persists at least until 120 hpf (Fig. 3B '-D', compare to B-D). In some individuals, the lumen of the lateral canal is severely reduced and sometimes sealed (Fig. 3B ', compare to B). HCS-1 staining indicates that the anterior and posterior maculae retain normal shape but the anterior and posterior cristae are missing (Fig. 4 , column D-D4). The lateral crista is present and appears roughly normal. To further verify that kmi jj59 mutants are missing anterior and posterior cristae, we used phalloidin staining to visualize stereocilia at 144 hpf. The analysis of mutant individuals revealed that indeed two Fig. 3 . Histological analysis of morphology mutants. Transverse plastic section were prepared through ears of larval zebrafish. The first, the third and the fifth column from the left display sections of wild-type animals, while the second, the fourth, and the sixth column display sections of their mutant siblings at corresponding stages. The hako mimi jj59 mutant phenotype is characterized by a thickening of inner ear pillars at 72 hpf (A' compare to the wild type in A). By 120 hpf (B'), the ventral pillar of the kmi jj59 ear frequently expands, blocking the lumen of the lateral canal (compare to the wild type in B). Panel (C') displays a malformed kmi jj59 anterior pillar characterized by an abnormal outgrowth at 120 hpf (compare to C). Another example of the kmi jj59 mutant, featuring a bulb-like outgrowth instead of the ventral pillar is shown in (D'). The ear of mikre ucho jj108 is strongly reduced in size at 72 hpf and its walls are thickened (E', compare to E). Also at 72 hpf, smo jj392 mutants (F') feature a malformation of anterior pillar shape and size. At 144 hpf, ant m426 mutant embryos (G'), display a reduced otic vesicle that is almost completely filled by the otolith. Enlargements of wild-type and ant m426 mutant posterior maculae are shown in (H) and (H'), respectively. Note the malformation of the posterior macula in the ant m426 mutant. Panel (I') displays the pata nopo jj354 mutant ear. At 72 hpf, its ventral pillar is incompletely formed. The ear of frostbite jj290 mutant is reduced at 144 hpf (J', compare to J). In, ale ucho jj410 , epithelial protrusions that form the ventral pillar are thickened and incompletely formed at 72 hpf. (K'). By 120 hpf, however, ale ucho jj410 ventral pillar displays a largely normal shape (L'). The following structures of the ear are indicated with arrows: ap, anterior pillar; vp, ventral pillar; pm, posterior macula. ''lc'' indicates lateral canal. In all panels, dorsal is up and lateral is right. Scale bar in (H) equals 10 lm, and applies to panels (H) and (H'). Scale bar in (A) equals 50 lm, and applies to all remaining panels. cristae are missing (data not shown). Patterning of the kmi jj59 mutant ear was also evaluated using in situ hybridization. Similar to mikre ucho jj108 , the expression of msxc is absent in the ear of kmi jj59 mutants at 48 hpf (Fig. 6G , compare to A), but the expression patterns of pax5, pax2a, otomp, and eya1 at 24 hpf, as well as follistatin at 36 hpf are not affected. In contrast to mko jj108 however, the kmi jj59 phenotype is very specific to the ear, and no other defects are externally obvious at least until 6 dpf in this mutant line, except for the absence of the swim bladder. As kmi jj59 and the zebrafish mutant of the eya1 gene, dog
tm90b
, display phenotypic similarities, a complementation test was performed. Although both mutants feature otic capsules characterized by a shortened antero-posterior axis, hair cell defects, and malformed semicircular canals, they complement each other. Phenotypic similarities between kmi jj59 and dog tm90b suggest that that these two loci function in related pathways.
The ear of slow muscles omitted (smu) jj392 is considerably reduced in size compared to that in the wild type (Fig. 1H', compare to H) . Its dorsal portion appears to be severely malformed and semicircular canals display abnormal shape. The otoliths of smu jj392 mutants are reduced in size and are positioned very closely together. Histological sections revealed severe malformations of pillars that delimit semicircular canals (Fig. 3F , compare to F'). By 53 hpf, smu jj392 mutant fish develop a curled body axis phenotype and synophthalmia (data not shown). Consistent with previous studies (Hammond et al., 2003) , mutant embryos display one enlarged sensory patch in the ear instead of distinct anterior and posterior maculae (not shown).
The formation of semicircular canals is also severely affected in two allelic defects, pata nopo (pno) jj354 and pata nopo (pno) jj386 . The ears of both mutants are slightly smaller and rounder (data not shown, and Fig. 1J ', compare to , only a rudiment of one crista appears to be present (B2) and both maculae are severely misshapen (B4). A subpopulation of ale ucho jj410 mutants exhibit disorganized and expanded cristae (C3). hako mimi jj59 mutants lack both anterior and posterior cristae but retain the wild-type appearance of maculae (D4) and the lateral crista (D2). The remaining mutants do not display obvious defects of sensory patch morphology or positioning. In panels (A-G), cristae are indicated with arrowheads and maculae with arrows. The following structures are labeled in (A): cr1, anterior crista; cr2, lateral crista; cr3, posterior crista; am, anterior macula; and pm, posterior macula. In all panels, dorsal is up and anterior is left. J). When viewed from the dorsal side, the lumen of the mutant ear appears to bulge out from the trunk by 72 hpf (not shown). The otoliths of pno jj354 mutants are smaller and positioned abnormally close to each other. In pno jj386 mutant animals, on the other hand, the otoliths retain normal size, although they are also positioned closer to each other. Histological analysis indicates that in both mutant strains, epithelial protrusions that underlie the formation of semicircular canals frequently do not fuse together (data not shown, and Fig. 3I') . In contrast to these morphological defects, the sensory patches of both pno jj354 and pno jj386 appear normal by the criteria of HCS-1 antibody staining (data not shown, and Fig. 4 , column E-E4). pno jj386 mutants were also evaluated for stereocilia defects. At 144 hpf, phalloidin staining revealed no stereociliary abnormalities. In addition to the ear phenotype, pno jj354 mutants display smaller and more widely set eyes, a yolk sac defect, and by 120 hpf oedema (not shown). The overall mutant phenotype of pno jj386 is weaker compared to pno jj354 , and only in some cases mutant animals display oedema (not shown).
Four morphology mutants are characterized by a reduced ear size, but do not obviously affect the formation of semicircular canals. The most severe phenotype in this group is observed in gapa (gpa) jj433 . By 120 hpf, the ears of these mutants are markedly smaller but both otoliths and the pillars of semicircular canals remain normal (Fig. 1K' , compare to K). Also this line does not display noticeable hair cell defects in HCS-1 staining experiments (Fig. 4, column  F-F4) . gpa jj433 complements antytalent (ant) m426 , a mutant characterized by a similar external phenotype (Malicki et al., 1996b) . Plastic sections of ant m426 mutant ears at 144 hpf revealed an interesting defect: the otic lumen is so severely reduced that it barely contains enough space to fit otoliths (Fig. 3G ', compare to G). Otoliths themselves, however, remain roughly normal in size. Closer examination of sections revealed that cells of the posterior macula of ant m426 mutants are excessively elongated in the apico-basal direction compared to the wild type, and are frequently separated from each other by acellular spaces, possibly a sign of degeneration ( Fig. 3H ', compare to H). Staining with HCS-1 antibody and phalloidin does not, however, reveal an obvious loss of sensory hair cells (Fig. 4 , column G-G4; data not shown). ant m426 mutants display abnormal swimming patterns by 5 dpf. Following tactile stimulation, ant m426 embryos vigorously circle around, in contrast to wild-type larvae which swim away. This is reminiscent of behavioral phenotypes documented previously in other zebrafish ear mutants (Nicolson et al., 1998) .
The remaining three morphology mutants display milder defects. The frostbite (fos) jj290 and fos jj291 mutations are allelic. The ears of these mutants are smaller and their dorsal side is more angular, when compared to the wild type (not shown, and Fig. 1L ' compare to L). Neither maculae nor cristae are affected in fos jj290 and fos jj291 mutants as evidenced by HCS-1 and phalloidin staining (not shown). In addition to ear defects, fos jj291 mutant animals display a curved body axis, abnormal head shape, and a reduced yolk size (data not shown). Finally, tone deaf (ton) jj301 mutant ears are also smaller. In contrast to the previous two, this mutation also affects otolith development -only the posterior otolith forms in mutant animals ( Fig. 1M', compare to M) . The ton jj301 mutation does not affect sensory hair cell patches in the ear (data not shown). With the exception of fos jj290 , ear morphology mutants do not form normal swim bladders, a phenotype usually associated with larval lethality.
Otolith mutants
Five mutant lines display otolith defects that are not associated with obvious morphological abnormalities of the ear. We examined the external phenotypes of the otic capsule in these mutants (Fig. 2) as well as the morphology of their hair cells (Fig. 5) . Mutations in this category display a broad spectrum of defects, affecting the number, size, and the shape of otolith(s). In only one mutant line, condensed (cod) jj465 , the ear size is slightly reduced (Fig. 2E', compare to E). The most severe phenotype is present in the no content (nco) jj149 line, which lacks both otoliths ( Fig. 2A', compare to A) . This phenotype is distinguishable by 22 hpf. The expression of starmaker, a gene involved in the formation of otolith structure (Sollner et al., 2003) , is normal in nco jj149 embryos at 20 and 30 hpf (not shown). Similarly, hair cells of this mutant do not display any obvious abnormalities (Fig. 5, column B-B4 ). Another mutation in this group, rough edges (roo) jj61 , produces misshapen otolith(s). The roo jj61 mutant phenotype becomes visible by 48 hpf. At 36 hpf, ears of mutant embryos contain two otoliths. At later stages, however, most roo jj61 mutant individuals feature only one jagged otolith that is frequently larger than the posterior otolith of wild-type animals ( Fig. 2B', compare to B) . In some mutants two otoliths persist, although the anterior otolith is usually much reduced in size. As roo jj61 mutants share a similar otolith phenotype with starmaker (stm) morphants, we evaluated roo jj61 animals using the stm probe. No differences in expression pattern are observed between wild-type and mutant embryos at 72 hpf (data not shown). Hair cells of roo jj61 mutants were also evaluated by HCS-1 antibody immunolabeling at 120 hpf (Fig. 5 , column C-C4), and phalloidin staining at 144 hpf (data not shown). Neither experiment revealed any obvious departures from the wild-type phenotype. roo jj61 complements haos (hos) m751 , a previously identified mutant characterized by a similarly aberrant otolith morphology (Malicki et al., 1996b) . We used the same set of techniques as in the case of roo jj61 to evaluate hos m751 mutants. Similar to roo jj61 , haos m751 mutant animals do not display defects in stm expression when evaluated at 72 hpf (data not shown) and their hair cells display the wild-type appearance at 120 hpf (not shown).
The least severe mutations result in a reduced otolith size. teeny rocks (ter) jj78 , pebbles (peb) jj273 , and condensed (cod) jj465 mutants all develop smaller otoliths. The ter jj78 mutant phenotype becomes visible by 48 hpf. By 144 hpf, mutant otoliths are markedly smaller, compared to the wild type (Fig. 2C', compare to 2C) . In contrast to the ter jj78 line, the peb jj273 mutant phenotype becomes noticeable only by 72 hpf. At 120 hpf, peb jj273 otoliths are considerably smaller than wild-type ones (Fig. 2D' compare to  D) . Lastly, the cod jj465 allele produces small otoliths, which in some animals are also somewhat misshapen. The cod jj465 mutant phenotype becomes apparent by 52 hpf. At this time, the ear appears to be slightly delayed in development. By 154 hpf, the small otolith phenotype becomes more pro- , and ale ucho jj410 mutant ears. The expression of the anterior marker, pax5 (B, H, N, T), does not show any differences between wild-type and mutants. The same is true for pax2a (C, I, O, U), otomp (D, J, P, V), eya1 (E, K, Q, W), and follistatin (fst) (F, L, R, X). The msxc probe (A, G, M, S) is a marker of cristae. Its expression is absent in both mikre ucho jj108 (M), and hako mimi jj59 (G) mutants, but remains wild-type in ale ucho jj410 (S). pax5, pax2a, otomp, and eya1 expression patterns were evaluated at 24 hpf, the fst expression at 36 hpf, and msxc at 48 hpf. In the pax2a column, expression is shown from the dorsal side. In all other columns, anterior is left and dorsal is up. Images of mxsc and otomp are at the same magnification. Likewise, the images of pax5, pax2a, eya1, and fst were collected at the same magnification. Scale bars equal 50 lm. nounced (Fig. 2E' compare to E) . In addition, cod jj465 mutants display oedema and reduced eye size. As morphants of the otomp gene feature a reduced otolith phenotype (Murayama et al., 2005) , we tested the expression pattern of this gene in ter jj78 , peb jj273 , and cod jj465 embryos by in situ hybridization. No differences in otomp expression are obvious between wild-type and mutant siblings. None of otolith mutant lines displays defects in the size or shape of sensory patches at 5 dpf by the criteria of HCS-1 antibody staining. With the exception of the ter jj78 locus, otolith mutants do not develop swim bladders, a phenotype usually associated with larval lethality. A summary of otolith mutant phenotypes is provided in Table 1 .
Discussion
Similar to previous efforts of this kind (Malicki et al., 1996b; Nicolson et al., 1998; Whitfield et al., 1996) , we attempted to categorize mutant phenotypes (Table 1) . One clear distinction can be drawn between ear morphology mutants and those with otolith abnormalities only. It is not obvious why some morphology mutants form abnormal otoliths, even though their maculae appear normal in size and shape. Ear morphogenesis and otolith formation appear to be largely independent as we and others found many morphological defects of the ear that do not involve otolith formation abnormalities. Vice versa, otolith defects are frequently present in morphologically normal ears.
Among morphological mutants, two, mikre ucho and hako mimi, display clear patterning abnormalities of both sensory patches and semicircular canals. The phenotypes of these mutants become recognizable between 48 and 72 hpf. Four other mutations are first recognizable at roughly the same stage, but predominantly affect semicircular canals. Finally, the phenotypes of four mutant lines become externally visible at a later stage, between 72 and 120 hpf, and mainly affect the size of the otic capsule. The sensory patches of the latter mutant lines retain normal sizes and are correctly positioned relative to each other.
Defects of ear morphology were identified in previous genetic screens (Malicki et al., 1996b; Whitfield et al., 1996) . Some of them resemble mutant strains characterized in this work. The shape of kmi jj59 mutant ears, for example, resembles the phenotypes of bxe and dog, reported by Whitfield et al. (1996) , mko jj108 is reminiscent of vgo and lit (Malicki et al., 1996b; Whitfield et al., 1996) . Likewise, the appearance of antytalent m426 and gapa jj433 mutants resembles the lte phenotype. We set up complementation tests with some mutant lines identified by others and found, for example, that kmi and dog alleles represent different loci. As not all mutant strains are readily available, other complementation tests will have to await future studies.
Otolith mutants that we found are of three types: an absence of one or both otoliths, smaller otoliths, and abnormally formed otoliths. Defects of otoliths were identified with a high frequency in previous genetic screens. One of the early mutagenesis screens, for example, led to the identification of 18 mutant lines characterized by the presence of a single otolith, and 10 mutations that result in a complete absence of otoliths (Whitfield et al., 1996) . Abnormally shaped otoliths, such as these present in the rough jj61 mutant, are found relatively infrequently, however. An infrequent example of an otolith phenotype that is similar to roo jj61 , is present in haos m751
, a mutant line found in another early mutagenesis screen (Malicki et al., 1996b) . roo jj61 also bears similarity to the phenotype of the starmaker morphant (Sollner et al., 2003) , suggesting that these two loci function in the same or related pathways. None of the otolith mutants identified in this screen display gross defects in the shape or size of sensory maculae as investigated by HCS-1 immunohistochemistry and phalloidin staining.
Histological analysis of mutant ears and the examination of expression patterns revealed several interesting features. The most severe phenotype identified in our screen is produced by the mikre ucho jj108 allele. In these mutant animals, otic vesicle volume is reduced several-fold by 5 dpf. This phenotype may be due to a defect in the otic epithelium, which differentiates an abnormal columnar morphology. The specificity of the mko jj108 defect, which initially does not involve gross abnormalities in any other organ, suggests patterning rather than a degenerative defect. Consistent with that, msxc expression is absent in mko jj08 at 48 hpf, suggesting that hair cell abnormalities are a consequence of a defect in a developmental event that precedes their differentiation in the cristae of semicircular canals. mko jj108 mutants display a bent head phenotype, which may indicate a hindbrain abnormality.
Another interesting patterning defect is found in the hako mimi jj59 mutant line, which also lacks both anterior and posterior cristae. Histological analysis reveals rather striking morphological malformations of epithelial pillars that delimit semicircular canals. These frequently either thicken or develop prominent outgrowths on their surface, which are covered by epithelium roughly similar to the one that lines wild-type semicircular canals. It is noteworthy that core regions of these outgrowths contain few cell nuclei and thus are likely to consist mostly of the extracellular matrix. The thickening of epithelial columns is associated with the reduction of the inner ear lumen, and in the most severe cases a complete obstruction of the lateral semicircular canal. The anterior and posterior canals are usually not affected. One possible cause of such a defect could be a highly localized abnormal deposition of extracellular matrix components. Such a scenario is not unlikely, as extracellular matrix plays a key role in inner ear morphogenesis (Haddon and Lewis, 1991) . Similar to mko jj108 , msxc expression in kmi jj59 mutants is absent. Consistent with previous findings that the interference with msxc expression alone is not sufficient to produce the absence of cristae (Phillips et al., 2006) , the lateral crista appears fairly normal in kmi jj59 animals. The anterior and posterior cristae are, however, missing. Although this could be due to a loss of the anterior-and the posterior-most ear regions, normal expression of pax5 and follistatin transcripts, an anterior and posterior marker, respectively, suggests that this is not the case.
Some features of the hako mimi jj59 phenotype are shared by ale ucho jj410 mutants. There, the columns of semicircular canals are also initially thickened, but abnormal tissue outgrowths are not present and, interestingly, this phenotype is largely corrected by 5 dpf. In addition to alo jj410 , among mutations that predominantly affect the morphogenesis of semicircular canals, one is an allele of the slow muscles omitted locus, while three others closely resemble the phenotypes of the jekyll locus (Neuhauss et al., 1996) , and dfna5 morphants (Busch-Nentwich et al., 2004) .
Finally, four mutations result in a reduced ear size, but not in the loss of the normal architecture of ear chambers and canals. The most severe phenotype is observed in the carriers of the gapa jj433 mutation. Although their appearance is similar to that of antytalent m426 (Malicki et al., 1996b) , complementation testing demonstrates that gap and ant are different loci. Histological analysis of ant m426 phenotype revealed a severe reduction of ear lumen size. Interestingly, in spite of that, the mutant otoliths maintain normal dimensions and almost entirely fill the fluid space of the saccule and utricule. Despite size reduction, ears of ant m426 and gap jj433 remain correctly proportioned, suggesting that mutant genes function in a general mechanism that controls the growth of the entire ear, once its overall pattern is established. Such a mechanism could function, for example, at the level of cartilage expansion in the otic region. Alternatively, these mutant genes act locally in a specific region of the ear, but their phenotypes are balanced by a coordinating mechanism that assures interdependence of growth in different parts of the auditory apparatus. The genetic control of tissue growth in an organ as complex as the vertebrate ear is an interesting problem that very much deserves further investigation.
Experimental procedures

Animal strains, mutagenesis, and screening
The maintenance of fish stocks and the staging of wild-type and mutant embryos were performed as described previously . All experimental procedures were performed in accordance with the standards of the MEEI Animal Care Committee. Mutations were induced in AB/AB background by ENU treatment as reported in previous publications (Solnica-Krezel et al., 1994) . Five hundred F1 females were screened for mutations using the early pressure approach (Westerfield, 2000) . All heterozygous carriers of mutations identified in the course of these experiments were out crossed to wild-type AB/AB animals to generate F2 families. F2 siblings were crossed to each other to identify mutant heterozygotes. Two mutant alleles, antytalent m426 and haos
m751
, were isolated in a previous genetic screen (Malicki et al., 1996b) . Mutant strains uncovered in this study have been donated to the Zebrafish International Resource Center. 
Complementation testing
External phenotypes and histology
External phenotypes were documented using a Zeiss Axioscope microscope equipped with a digital camera. Digital images were processed using Adobe Photoshop software. Embryos were fixed, embedded, and sectioned as previously described (Avanesov et al., 2005; Avanesov and Malicki, 2004) . Mutant ears were reconstructed by photographing sections spanning the entire otic lumen. This enabled us to precisely compare the same regions of the otic vesicle between mutants and their wild-type siblings. Wild-type and mutant embryos were photographed using the same parameters to facilitate accurate size comparisons.
Immunohistochemistry
All staining procedures were performed on whole embryos. Fixation, blocking, staining and washes were done as described previously (Avanesov et al., 2005; Avanesov and Malicki, 2004; Omori and Malicki, 2006) . To visualize hair cell somata in the ear, we used the HCS-1 antibody (1:250, gift from Dr. David Corwin). To visualize stereocilia, embryos were stained for 60 min. with Phalloidin (1:1000, Molecular Probes). Following staining procedures, embryos were embedded in 1% low melting point agarose (Sigma) and their phenotypes were recorded using a Leica SP2 confocal microscope equipped with a HCX Apo L 63· water immersion lens.
In situ hybridization
Embryos were maintained in egg water containing 0.003% 1-phenyl-2-thiourea (Sigma) to inhibit pigmentation (Westerfield, 2000) . Probe preparation, hybridization, washes, and staining were performed using standard protocols as described previously (Avanesov and Malicki, 2004; Omori and Malicki, 2006; Thisse et al., 2004) . As in situ hybridization was frequently performed before the onset of mutant phenotypes, at least 30 embryos were viewed to evaluate differences in expression patterns between wild-type and mutant animals. When no obvious phenotypic differences were initially visible, at least 16 embryos were photographed for side by side comparisons, using the same lens and the same camera settings.
